bathymetric data. On the shelf, we find seabed subsidence of up to 8-9 m, and closer to the Japan 23 trench, we find a seabed uplift of more than 10 m. Along the 100 km long 2D seismic line, we find 24 alternating subsidence and uplift. We find horizontal displacements at the seabed that are 25 significantly larger, up to 40-50 m, however these estimates are more uncertain. Close to the Japan 26 trench, these horizontal displacements are practically opposite in direction (pointing towards the 27 trench from both sides) and large (~15 m). At the sediment-basement interface, we estimate 28 vertical subsidence of two independent large blocks (each 4 km wide) to be up to 14 m. This means 29 that the sediment package in this region has been stretched by 5-6 m. This type of overburden 30 stretching is similar to hydrocarbon reservoirs that compact due to production and produce 42 Ito et al., 2011) which is considered to be the major cause of the large tsunami wave hitting the 43 coastline of the eastern part of Japan. In addition to those studies, data from several marine 44 geological and geophysical studies demonstrate more direct evidences showing trench breaching 45 co-seismic slip (Fujiwara et al., 2011 and Kodaira et al., 2012) . 46 47 Differential bathymetry measured before and after the 2011 Tohoku-Oki earthquake clearly 48 shows that the sea floor on the outermost part of the landward of slope to the trench moved ~50 49 m east-southeast towards the trench and ~7 to 10 m upward (Fujiwara et al., 2011) . The seafloor where an earthquake breaches the seafloor at the trench axis. However, quantitative analysis of 55 co-seismic structural changes near the trench in order to examine co-seismic deformation 56 processes has not been performed so far, due to challenges related to time lapse analysis of the 57 seismic data. Some of these challenges include variations in acquisition set up and positioning 58 issues causing lower repeatability compared to conventional time lapse seismic surveys. 59 The main objective of this paper is to investigate if a detailed, quantitative time lapse seismic 60 analysis of two datasets acquired before and after the earthquake, can reveal new insight into 61 rock movements and changes in rock properties. For this purpose we reprocessed the two 62 datasets, estimated seismic velocities independently for the two surveys, and obtained two 63 similar data sets better suited for time lapse seismic analysis. With our background from 4D 64 seismic analysis (Landrø et al., 1999; Landrø, 2001 , Landrø, 2015 and seismic imaging 65 (Weibull and Arntsen, 2013) , we want to explore how this knowledge can be used for improved 66 understanding and mapping of earthquakes. and Indonesia. Apart from one minor demonstration project (Tanaka et al., 2017) there are no 74 CO2-storage projects close to our study area. Our motivation for linking our time-lapse analysis 75 of the Tohoku 2011 earthquake is therefore futuristic: Since the CO2-sources in Japan are 76 significant, there might be a need to store significant amount of CO2 offshore Japan. In addition 77 to this, a time-lapse seismic analysis of one of the largest recent earthquake, is of general interest 78 for other potential storage sites on earth. 79 80 In our analysis we will assume that most of the movements between the seismic surveys acquired The baseline 2D seismic (MY101) was acquired in 1999. Table 1 
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Where f denotes frequency, z is the source depth and c is the water velocity. The source ghost 146 spectrum is shown in Figure 2 , and is identical for the two surveys. The receiver ghost spectra 147 will however be slightly different as shown in Figure 2 . Since the receiver depth is increased 148 from the first to the second survey, the first notch in the receiver ghost spectrum is shifted from 149 50 to 37 Hz (assuming a water velocity of 1500 m/s Therefore, we assumed no changes in water velocity between the two surveys. This is in good 186 agreement with the bathymetry data as shown in Figure 5 ( injected water and the chalk weakens the rock (water weakening), and this leads to compaction.
204
The challenge for time lapse seismic analysis is that for rocks that undergoes either stretching or 205 compaction, there are two unknown parameters: the thickness change and the velocity change. At the continental shelf we find that the sedimentary unit beneath the seabed is stretched. This 289 stretch is not constant, but is found to be discontinuous and corresponding to vertical movements 290 within specific fault zones. This is illustrated in Figure 8 , where we observe two distinct areas 291 (4.3-8.3 km and 10.5-14.5 km) where the subsidence at top basement and corresponding vertical 292 stretch is found to be particularly pronounced. In areas where a strong subsidence is observed, 293 we typically find that the seabed subsidence is less than at the basement level. This effect is faults is based on interpretation of the time lapse seismic data. We do not know the direct cause 308 of these faults, one possible mechanism could be horizontal stretching. Assuming that the R-309 factor is constant and equal to 6.7 for the overburden, we can estimate the overburden velocity surveys. As expected, we find a velocity decrease at the shelf area (0-20 km). However, for most 324 of the slope towards the Japan trench, we find a velocity increase (20-50 km). For the area close 325 to the trench (50-85 km) we observe a velocity decrease for the upper half of the sedimentary 326 unit, followed by a velocity increase. It should be stressed that these velocity estimation is based 327 on an automatic picking method, not influenced by interpretation or velocity picking by hand. 328 However, it should be noted that if the automatic method fails, the velocity is simply assumed to 329 be 2200 m/s. This has a minor effect on the final velocity field.
331
Close to the trench axis, where the sediment package is relatively thick, we observe alignment of 332 some of the layers in an upward-East direction, as shown in Figure 11 . We notice that some of within the two subsidence zones, this stretch is up to 5-7 m, which is significant. 406 Based on these observations it is very hard to judge whether large vertical and horizontal 407 movements might cause leakage from a CO2 storage site close to an active subduction zone. 408 Detailed geomechanical modeling that is beyond the scope of this work might give a deeper 409 insight into if leakage is likely to occur given that a major earthquake like the Tohoku occur at a 410 given distance from a CO2 storage site. As pointed out by Verdon, a detailed and comprehensive 411 mapping of the storage reservoir as well as the underlying geology including pressure 412 distributions and fault patterns is crucial in such cases.
413

Discussion
414
In the processing of the time lapse seismic data, separate velocity tables were calculated for the 415 two datasets. This was done using an automatic picking procedure, and it was necessary to 416 flatten the prestack seismic gathers. Due to the limited offset range (0-3.6 km), the velocity 417 analysis is more unstable and less reliable for deep horizons, and especially close to the Japan 418 trench, where the water depth is close to 7 km. This means that the offset/depth ratio is only 0.5 419 close to the trench compared to 1.8 at the shelf. Hence, we should bear in mind that the accuracy 420 of the velocity differences decreases as water depth increases. We think it is a good idea to acquire a third survey in the same area, using the same acquisition A major shortcoming of this study is the lack of 3D seismic data. Especially when it comes to 474 estimates of rock volumes, the uncertainty is large. Our plan is to process the two remaining lines 475 shown in black in Figure 1 , and from these results try to at least get an indication of crossline 476 stability or non-stability with regard to the results obtained so far. Furthermore, we think that a 477 similar analysis for the other two lines might serve as an input to a 3D tsunami modeling, which 478 can be compared to observations of the tsunami wave from 2011. 479 480 We interpret that the earthquake has caused a significant stretching (up to 7 m) of the relatively 481 thick (2 km) sediment package on the Japan Shelf. This amount of stretching is varying abruptly 482 along the seismic section, indicating that new faults are formed or reactivated. This means that 483 the risk of establishing leaking pathways from a CO2 storage site within the sediments is 484 increased. However, since most CO2-storage projects within soft sediments use an injection 485 pressure which is gentle or low, the risk of a blow-out like event from such a site is negligible. 486 Hence a recommendation for CO2-storage within such formations is that the injection pressures 487 should be kept as low as possible, similar to that used on Sleipner, offshore Norway (Arts et al. There are vertical profiles of temperature and salinity (XCTD-data) available from the area close 527 to the 2D seismic line used for this study. We used these data and the UNESCO equation (Chen 528 and Millero (1977) , Fofonoff and Millard (1983) and Wong and Zhu (1995) ) to estimate the 529 water velocity as a function of depth for various calendar times. Figure A1 Figure A1 shows the velocity difference between 533 2011 and 1999 (blue curve) and the corresponding cumulative average velocity difference (red 534 curve). We notice that the average velocity difference for the first kilometer is less than 1 m/s.
535
As another example we averaged the velocity difference over all years between 1999 and 2011, 536 as shown in Figure A2 . Also here, the cumulative average velocity difference at 1 km is 537 relatively small, and less than 4 m/s. If we convert this into traveltime shift we find that an 
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This is less than the maximum estimated time shifts from the time lapse seismic analysis which 540 are more than 10 ms for the seabed interface and more than 50 ms for the top basement interface. 541 We realize that this is not a proof that water velocity changes might be neglected, however, it is 542 an indication that this effect is probably not the main time lapse signal in our analysis. The first step of the processing sequence was designed to minimize the impact of cable 577 feathering and differences in source-receiver geometry between the two surveys. In principle a 578 2D seismic line with significant cable feathering must be processed as if it were a 3D shot line.
579
The most straightforward approach is to use a 3D interpolation scheme taking the true 3D 580 receiver and source geometry into account and outputting interpolated data along the 2D survey 581 line. We use a version of Shepard's algorithm (Shepard, 1968) to perform the interpolation.
582
Before interpolation the input data is NMO-corrected with the water velocity. The correction is backed off after interpolation. This compensates somewhat for offset errors and 584 increases the accuracy of the interpolated data.
586
To verify the interpolation we simulated the 1999 survey using the true source-receiver positions 587 with a 3D finite-difference modeling program. The velocity model was constructed using 588 bathymetry data from the area around the survey line. The synthetic data was then prestack time 589 migrated and the travel time error was measured from the migrated sections. Figure B3 shows 590 that the time shift error is close to 2 ms for most of the survey, except for two specific areas 591 where it reaches 8 ms.
592 593
Designature of the shots were performed to remove the effect of the air gun bubble. A synthetic 594 dataset was simulated using a point source in a half-space with a free surface. This was used as 595 the desired wavelet in a 2D F-K deconvolution approach to produce a debubble filter. Figure B4 596
shows an example of the input and desired output. The final filter used was taken as the average 597 of a number of filters to avoid overfitting. Figure B5 shows an example of the application of the 598 filter to a shot record. We can conclude that the errors in the source and receiver positions will at most imply an error 684 in the zero-offset two-way travel time measured on the seismic section of 8 ms, but more likely 685 is an error of 5 ms. These estimates are in accordance with the results shown in Figure B3 . 
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The depth difference is relative to the depth of the seafloor at the survey shot points. 
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